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Cerium (Ce)-based heavy-fermion materials have a characteristic double-peak structure (mid-IR peak) in
the optical conductivity [σ(ω)] spectra originating from the strong conduction (c)–f electron hybridization.
To clarify the behavior of the mid-IR peak at a low c-f hybridization strength, we compared the σ(ω)
spectra of the isostructural antiferromagnetic and heavy-fermion Ce compounds with the calculated unoc-
cupied density of states and the spectra obtained from the impurity Anderson model. With decreasing c-f
hybridization intensity, the mid-IR peak shifts to the low-energy side owing to the renormalization of the
unoccupied 4f state, but suddenly shifts to the high-energy side owing to the f -f on-site Coulomb interac-
tion at a slight localized side from the quantum critical point (QCP). This finding gives us information on
the change in the electronic structure across QCP.
Rare-earth intermetallic compounds, especially cerium
(Ce) and ytterbium (Yb) compounds, have a variety of
physical properties of nonmagnetic heavy fermion (HF)
owing to the Kondo effect with large effective mass and
magnetic ordering (MO) caused by the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction.1 The change be-
tween the nonmagnetic HF and MO states originates
from the intensity of the hybridization between conduc-
tion and 4f electrons, namely, c-f hybridization. The
phase diagram is known as the Doniach phase diagram.2
At the border between the HF and MO states, there
is a phase transition at zero temperature, namely, the
quantum critical point (QCP). So far, near the QCP, in-
teresting physical properties such as those of non-BCS
superconductors and non-Fermi liquids owing to charge
and magnetic fluctuations have been observed and inves-
tigated thoroughly.
The electronic structure as well as the band disper-
sion of the c-f hybridization state, which is depicted
in Fig. 1a, can be obtained directly by momentum-
resolved experiments such as angle-resolved photoemis-
sion (ARPES)3 and inelastic neutron scattering (INS).4
Optical conductivity [σ(ω)] spectra also provide infor-
mation on the c-f hybridization intensity (V ).5, 6 There
are three significant structures in the σ(ω) spectrum at
lower temperatures than the Kondo temperature (TK)
as shown in Fig. 1b. The first structure is a very narrow
Drude peak at ~ω = 0 eV with a heavy mass (mheavy)
and long relaxation time (τ) owing to coherent heavy
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carriers, the second is a shoulder structure in the far-
infrared region (hereafter, far-IR peak), and the third is
a double-peak structure in Ce compounds with an en-
ergy separation of 250 meV, which originates from the
spin-orbit splitting of the Ce 4f unoccupied state, in the
middle-infrared region (hereafter, mid-IR peak).7 The
far-IR peak, which is observed at ~ω ≤ 50 meV, orig-
inates from the direct interband transition between the
bonding and antibonding states of the c-f hybridization
state with a gap size of 2V .8, 9 The gap has a size of
kBTK, where kB is the Boltzmann constant, and appears
below TK. On the other hand, the mid-IR peak is lo-
cated at ~ω ∼ 100 meV, which is one order of magnitude
higher than V and appears below a temperature several
times higher than TK. However, it has a universal scal-
ing rule with respect to V , so it is related to the c-f
hybridization.10 At a much higher temperature than TK,
the mid-IR peak disappears because 4f states do not hy-
bridize with conduction bands.11 This implies that the
mid-IR peak originates from the optical transition from
the bonding state of the c-f hybridization at the Fermi
level (EF) not to the bare 4f states but to the hybridiza-
tion bands between highly localized 4f states and con-
duction bands as shown in Fig. 1a.
In materials with sufficiently strong c-f hybridization
intensity, for instance, YbAl2, the electronic structure
can be described by an LDA band calculation because of
the weak electron correlation.12 In normal HF materials,
the mid-IR peak can be explained by a local-density ap-
proximation (LDA) band calculation with a self-energy
1
J. Phys. Soc. Jpn. LETTERS
(Q ~ 0)
h
Fig. 1. (Color online) (a) Schematic of electronic structure of
Ce compounds with c-f hybridization. Far-IR and mid-IR peaks in
optical conductivity [σ(ω)] spectra of Ce compounds are expected
from the electronic excitation indicated by arrows. (b) Schematic
σ(ω) spectra at high and low temperatures depicted by dashed and
solid lines, respectively.
correction.13, 14 The renormalization factor z decreases
from unity with decreasing V indicating strong renor-
malization near the QCP. The mid-IR peak is considered
to disappear at V = 0 because 4f electrons are perfectly
localized and the strong on-site Coulomb interaction is
dominant. Therefore, the V -dependent mid-IR peak be-
havior is important for the investigation of the effect of
the c-f hybridization.
In this Letter, to investigate the change in the elec-
tronic structure with the c-f hybridization from the itin-
erant HF state to the localized MO state across the QCP,
we report the mid-IR peaks of the σ(ω) spectra of the Ce-
based ternary intermetallic compounds CeM2Ge2 (M =
Ag, Rh, Ru, Cu, Ni) and CeCu2Si2 with the tetragonal
ThCr2Si2-type crystal structure and CeMGe2 (M = Co,
Ni) with the orthorhombic CeNiSi2-type structure as a
function of hybridization intensity and compare the re-
sults with LDA band calculations and the impurity An-
derson model. CeM2Ge2s are isostructural materials that
are located in the MO ground state (M = Ag, Rh, Ru,
Cu) and in the HF state (CeNi2Ge2, CeCu2Si2).
15 On
the other hand, CeMGe2 also has two states, MO (M =
Ni) and HF (M = Co).16 As a result, in the HF state,
the mid-IR peak has been observed but the peak en-
ergy is located at a lower energy than that predicted by
the band calculations. The mid-IR peak has also been
observed even in CeCu2Ge2 and CeNiGe2, which are lo-
cated slightly in the MO ground state close to the QCP.
In CeM2Ge2 (M = Ag, Rh, Ru), which are located at a
more localized region than CeCu2Ge2, the mid-IR peak
disappears and, instead, a broad peak originating from
the f -f on-site Coulomb interaction appears and shifts
to the high-energy side with decreasing V . The behav-
ior of the mid-IR peak with different c-f hybridization
strength can be reproduced using the impurity Anderson
model.
Poly- and single-crystalline samples of CeM2Ge2 (M =
Ag, Rh, Ru, Cu, Ni) were synthesized by a tetra-arc melt-
ing method and the surfaces were well polished using 0.3-
µm-grain-size Al2O3 lapping film sheets for optical reflec-
tivity [R(ω)] measurements. Near-normal incident R(ω)
spectra of polycrystalline samples were accumulated in a
very wide photon-energy range of 2 meV – 30 eV to en-
sure accurate Kramers-Kronig analysis (KKA).6 To eval-
uate the anisotropy of the optical spectra along different
crystal axes, we performed a polarized R(ω) measure-
ment of single-crystalline CeRu2Ge2
17 along the a- and c-
axes using linearly polarized light, but no significant dif-
ference was observed. Thus we used the optical spectra of
polycrystalline samples for the following analysis and dis-
cussion. To obtain σ(ω) via the KKA ofR(ω), the spectra
were extrapolated to below 2 meV with a Hagen-Rubens
function and to above 30 eV with the free-electron ap-
proximation R(ω) ∝ ω−4.18 σ(ω) spectra of polycrys-
talline CeM2Ge2 as well as single-crystalline CeCu2Si2
19
and polycrystalline CeMGe2s (M = Co, Ni)
20 were com-
pared with the unoccupied density of states (DOS) ob-
tained from the LDA band structure calculation includ-
ing spin-orbit coupling using the Wien2k code.21 All
experimental spectra were taken at a temperature of 8–
10 K.
Figure 2a shows the σ(ω) spectra derived from the
KKA of R(ω) spectra and the unoccupied DOS. A mid-
IR double-peak structure (marked by open circles) with
an energy separation of ∼250 meV is observed in the
σ(ω) spectra of CeCu2Si2, CeNi2Ge2, and CeCu2Ge2.
Since the splitting energy of 250 meV is equal to the
spin-orbit splitting of Ce 4f states and the peak disap-
pears at very high temperatures (not shown here), the
2
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Fig. 2. (Color online) (a) Optical conductivity [σ(ω)] spectra of
CeM2Ge2 (M =Ag, Rh, Ru, Cu, Ni) and CeCu2Si2 in compari-
son with the density of states (DOS) derived from an LDA band
calculation. The spectrum of CeCu2Si2 was taken from Ref. 19.
The dashed line in CeCu2Ge2 is the background obtained by com-
bining Drude and Lorentz functions as a guide to the eye. Open
circles and open triangles indicate the mid-IR peaks and the optical
transitions to the unoccupied 4f states with the on-site Coulomb
interaction, respectively. (b) Positions of materials listed in (a) in
the Doniach phase diagram derived from Ref. 15.
mid-IR peak corresponds to the excitation to the high-
energy c-f hybridization states as shown in Fig. 1. That
is, the appearance of the mid-IR peak is evidence of
the strong c-f hybridization intensity. In these materials,
CeCu2Ge2, which is slightly located in the MO ground
state as shown in Fig. 2b, also has a mid-IR peak. This
result suggests that the c-f hybridization is still occur-
ring on the slightly localized side from QCP, i.e., the HF-
like electronic structure with the c-f hybridization band
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Fig. 3. (Color online) Optical conductivity [σ(ω)] spectra of
CeMGe2 (M =Ni, Co) in comparison with the DOS derived from
LDA band calculations. The σ(ω) spectra were taken from Ref. 20.
is realized in materials of the MO ground state close to
the QCP. This is consistent with the itinerant quantum
criticality picture based on the spin fluctuation theory.22
The mid-IR peak shifts to the low-energy side with
decreasing c-f hybridization intensity. In the framework
of the photoabsorption process within a one-electron ap-
proximation, the lowest absorption peak originates from
the excitation from the state at EF to the lowest un-
occupied DOS peak. However, the observed peaks are
located at a lower energy than the unoccupied 4f states
calculated as shown in Fig. 2a. This implies that the en-
ergy position of the unoccupied 4f peak is renormalized
owing to a self-energy effect. The renormalization fac-
tor becomes small with decreasing V . This is consistent
with the enhancement of the effective carrier mass near
the QCP.
In the more localized materials of CeRu2Ge2,
CeRh2Ge2, and CeAg2Ge2, the mid-IR peak disappears.
This is considered to originate from the weak c-f hy-
bridization intensity indicating an electronic structure
with a small Fermi surface.22 However, a broad peak
marked by an open triangle appears and shifts to the
high-energy side (blue shift) from M = Ru to Ag as
shown in Fig. 2a. The peak cannot be explained by the
unoccupied 4f DOS obtained from the band calculation.
Other effects, for instance, an on-site Coulomb interac-
tion, should be adopted.
To investigate whether the behavior of the mid-IR
peak is observed in other materials, the σ(ω) spectra of
CeMGe2 were compared with the unoccupied DOS as
shown in Fig. 3. The mid-IR peak energies of CeCoGe2
3
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are consistent with the unoccupied 4f peaks because of
its heavy-fermion character. On the other hand, we could
recognize that the mid-IR peak in CeNiGe2 is located at
a lower energy than the peaks of the unoccupied DOS
even though the materials are located in the slightly MO
ground state near the QCP. This result is similar to that
of CeCu2Ge2, which is also located in the MO ground
state near the QCP. Therefore, this result supports the
fact that the c-f hybridization occurs in the slightly lo-
calized region from the QCP.
The spectral feature can be explained by the final-state
effects. The ground state is written as |f1dncm〉, where
the Ce3+-4f state (f), M -d valence band (d), and Ce-
5d conduction band (c) have one, n, and m electrons,
respectively. In the case of photoexcitation from the M -
d state to the Ce-4f state, the optical absorption process
can be written as
|f1dncm〉+ hν → |f2dn−1cm〉.
In the case of a low c-f hybridization intensity, the
|f2dn−1cm〉 state is stable. The energy of the final
|f2dn−1cm〉 state becomes the sum of the 4f2 energy
(εf ), the Coulomb repulsion energy between two 4f elec-
trons (Uff ), and the Coulomb attractive force energy be-
tween the 4f electron and the M -d hole (−Ufd), namely,
εf +Uff−Ufd. The total Coulomb energy (Uff −Ufd) is
expected to become large with decreasing c-f hybridiza-
ton strength. Our observation of the blue shift of the
broad peak from M = Ru to Ag is consistent with the
expectation.
On the other hand, in the case of a strong c-f
hybridization intensity (HF state), the final state of
|f2dn−1cm〉 is not stable because the excited 4f electrons
can easily move to the M -d state and conduction band.
Namely, the photoabsorption final state can be written
as
|f2dn−1cm〉 → |f1dncm〉+ |f1dn−1cm+1〉.
The former cannot be detected because it is the same
as the ground state. The latter is the charge transfer
excitation from the M -d valence band to the the c-f hy-
bridization band, which is the same as the optical absorp-
tion derived from the LDA band calculation. Therefore,
the σ(ω) spectrum of the materials with strong c-f hy-
bridization is considered to be reproduced by the LDA
band calculation.13, 14
To see the correlation effects of the c-f hybridization
system in detail, we show the local optical conductivity
(σloc) of the impurity Anderson model based on the non-
crossing approximation (NCA) calculation in Fig. 4. We
suppose that σloc is given by a convolution integral of
the optical excitation type23 between the single-particle
excitation spectra (SPE) of the f state and the conduc-
tion band that has the optical transition matrix with
the f state but does not have the hybridization ma-
trix. We assume that this component of the conduction
band has a constant DOS of 1. The energy splitting be-
tween the j = 7/2 multiplet and the ground multiplet
j = 5/2 of 0.3 and also the crystal field splitting in the
j = 5/2 multiplet of 0.05 are introduced. σloc is large in
the strong-hybridization case shown by the dot-dashed
line compared with that in the weak-hybridization case
shown by the solid line. The total intensity of the elec-
tron excitation component of the SPE (IIPES), which
corresponds to the total intensity of the inverse pho-
toemission spectra (IPES), is 2.598 for the dot-dashed
line case and 0.577 for the solid line case. We have the
relation IIPES = 14(1 − nf ) in the NCA calculation,
24
where nf is the occupation number of f electrons. The
total intensity of the hole excitation component of the
SPE, IPES, which corresponds to the total intensity of
the photoemission spectra (PES), is given as nf . When
the hybridization increases, IIPES increases considerably,
while IPES decreases gradually. The increase in σloc is
due to the increase in the transition from the occupied
conduction band to the IPES part of the sharp peaks of
the f SPE just above the Fermi energy: the Kondo res-
onance peak and the side peaks of the crystal field split-
ting and spin-orbit splitting. The peaks of the SPE in the
impurity model are interpreted as the peaks of the corre-
lated narrow f band in the lattice system. Note that the
side peaks become conspicuous and show a shift to the
high-energy side with increasing hybridization strength.
In the weak-hybridization case (solid line), a flat struc-
ture appears around an energy of ∼ 2. This corresponds
to the broad peak in the PES owing to the f1 → f0
excitation. The Kondo temperature in the manifold of
the lowest doublet is estimated to be about 10 K for the
case shown by the dashed line. A low-energy increase in
σloc appears in this case, and σloc rapidly becomes weak
around this hybridization strength. The qualitative fea-
tures seem to accord with the experimental results. The
splitting of the f band due to the MO and/or anomalies
due to the QCP will accelerate the change in the shape
of the σ(ω) spectrum.
In the present impurity calculation, we tentatively as-
cribe the structure around 0.1 eV observed in the experi-
ments to the “crystal field splitting” of the f state. In the
lattice system, the f electron bands have many peaks in
the DOS as shown in Fig. 2 obtained from the LDA cal-
culation. It is probable that the c-f hybridization effect
in the band causes some side peaks in the experimental
σ(ω) spectra.
The Coulomb interaction between an optically excited
electron and a hole has not been considered in the present
discussion. This causes the exciton effect in the opti-
cal transition.23 The normalized spectral shape of σ(ω)
in the low-energy region itself is not changed markedly
by this effect, but the absolute intensity is strongly en-
hanced. The broad peak due to the f1 → f0 excitation
is shifted to the low-excitation-energy side and enhanced
from that estimated by the convolution of the SPE. The
4
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Fig. 4. (Color online) Local optical conductivity (σloc) spectra
calculated using the single-particle excitation spectra (SPE) of the
impurity Anderson model. The energy levels of the f state are as-
sumed as follows: the energy splitting between the j = 7/2 multi-
plet and the ground multiplet j = 5/2 is 0.3; the j = 5/2 multiplet
splits into a ground doublet and an excited quartet with an en-
ergy separation of 0.05; the ground f energy level is located at -1.4
and the f2 configuration is removed (i.e., infinite f -f Coulomb
interaction model). The NCA method is used to calculate SPE.
The hybridization strengths piV 2/2D are 2.2 × 10−2 for the solid
line, 2.5 × 10−2 for the dashed line, and 2.8 × 10−2 for the dot-
dashed line. The peaks of the magnetic excitation spectra appear,
respectively, at 0.11 × 10−4, 0.10× 10−2, and 0.19 × 10−1. These
correspond to 0.1, 11, and 210 K, respectively, if we consider a unit
to be 1 eV. The quantity 1/2D is the DOS of the conduction band
extending from −D to D with width D = 6. For the definition of
σloc, see the text and Ref. 23.
origin of the rapid change in the low-energy spectra in
the material dependence may be partly attributed to the
exciton effect.
These obtained results suggest that the mid-IR peak is
a good probe for the c-f hybridization intensity. In par-
ticular, the spectral shape of the mid-IR peak markedly
changes between CeCu2Ge2 and CeRu2Ge2, which are
located slightly in the MO ground state from the QCP.
This implies that the change in the electronic structure
from a large Fermi surface caused by strong c-f hy-
bridization to a small Fermi surface caused by weak hy-
bridization does not occur at the QCP but in the MO
state. This result is consistent with that the c-f hy-
bridization gap opens even in the MO state in CeIn3
studied with σ(ω) spectra under a high pressure25 and
can be explained by the itinerant quantum criticality pic-
ture.22
To summarize, the optical conductivity spectra of
CeM2Ge2 (M = Ni, Cu, Ru, Rh, Ag), CeCu2Si2, and
CeMGe2 (M = Ni, Co) have been compared with the
corresponding unoccupied DOS to investigate the rela-
tionship of the appearance of the mid-IR peak to the
c-f hybridization intensity. In the heavy-fermion regime,
the mid-IR peak can be explained by LDA calculations
with a self-energy correction. In the localized regime, on
the other hand, the mid-IR peak disappears and a broad
peak appears at a higher photon energy, which cannot
be explained by LDA calculations because of the strong
f -f on-site Coulomb interaction. The change in the spec-
tral feature occurs at a slightly localized region from the
QCP in the Doniach phase diagram. This is consistent
with the itinerant quantum criticality picture based on
the spin fluctuation model. The theoretical study using
the impurity Anderson model also supports the change
in the spectral feature.
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